We have developed a sensitive transient expression assay in 293 cells to study the effect of VA RNAs on the translation of adenovirus mRNAs. Monolayers of 293 cells were transfected with mixtures of recombinant plasmids encoding adenovirus-specific transcription units and plasmids encoding VA RNAs Adenovirus gene expression is strictly regulated at multiple levels during the normal infectious cycle (reviewed in references 10 and 27). Many of the regulatory events occur at the level of RNA biogenesis, but evidence for the regulation of both early and late viral mRNA translation has been presented (6, 26, 33, 38) .
polypeptide was also stimulated, although translation of hexon was from an aberrant mRNA lacking the second and third segments of the common tripartite leader attached to late adenovirus mRNAs. VA RNA11, although very homologous to VA RNA&, does not function as a translational stimulator.
Adenovirus gene expression is strictly regulated at multiple levels during the normal infectious cycle (reviewed in references 10 and 27). Many of the regulatory events occur at the level of RNA biogenesis, but evidence for the regulation of both early and late viral mRNA translation has been presented (6, 26, 33, 38) .
After the onset of viral DNA replication, host protein synthesis is almost completely inhibited (5, 7) . Although the deprivation of host cell mRNA sequences from the cytoplasm of late infected cells (8) may provide part of the explanation, recent experiments have indicated that a late adenovirus gene product causes a shutoff of host protein synthesis (6) . In addition to a decline in cellular protein synthesis, recent experiments have shown that adenovirus VA RNA, in some way is required for an efficient translation of late adenovirus mRNA (38) . In the present communication we have analyzed the specificity of this translational control.
VA RNAs are two small noncoding RNA species (VA RNA, and VA RNA,,) encoded by the adenovirus genome (25, 32, 35, 40) . The genes for VA RNAs have been mapped as two tandem transcription units located around map coordinate 30 on the adenovirus type 2 (Ad2) genome (25, 29) . Sequence studies of VA RNAs and their genes have shown that both RNAs are ca. 160 nucleotides in length, exhibit scattered regions of sequence homology, and can adopt secondary structures which resemble each other (2) . VA RNAs are unique among adenovirus genes in that they are transcribed by RNA polymerase III (31, 35, 40) . In accordance with other polymerase III products, an intragenic transcriptional control region has been identified for VA RNA, transcription (12, 17 (11) . After a labeling period of 15 h, cells were washed three times in phosphate-buffered saline and then fractionated into cytoplasm and nuclei by IsoB-Nonidet P-40 extraction (3). Half of the cytoplasmic extract was used for the isolation of total RNA by phenol extraction (3) . Nuclei were washed with RIPA buffer (28) , and half of the material was combined with the remaining cytoplasmic fraction, thus giving a [35S]methionine-labeled protein extract.
Immunoprecipitation and in vitro translation. The procedure described by Persson et al. (26) was essentially followed. Briefly, identical amounts (usually 5 x 106 to 10 x 106 cpm) of the [35S]methionine-labeled protein extracts were incubated together with antisera raised against the purified Ad2 hexon polypeptide (30) , the E2A 72,000-dalton (72K) polypeptide (22) , or the E3 19,000-dalton (19K) polypeptide (28) . The antigen-antibody complexes were isolated by binding to protein A-Sepharose (Pharmacia Fine Chemicals). The complexes were washed thoroughly in phosphate-buffered saline-1% Triton-1 mM phenylmethylsulfonylfluoride and analyzed (after boiling in sample buffer) [18] ) used for the S1 endonuclease analysis of E3 mRNAs. (D) S1 endonuclease analysis of E3 RNAs accumulated in 293 cells cotransfected with pAL E2/E3 and pHindB. Electrophoretic separation of the S1-resistant material was through a 8% polyacrylamide gel containing 8 M urea. The 330-nucleotide-long S1-resistant DNA fragment corresponds to the distance from the E3 mRNA cap site to the TaqI cleavage site at position 567 (18) (Fig.  2C ). Transfections and symbols are the same as those described for by electrophoresis in 10 or 13% sodium dodecyl sulfatepolyacrylamide gels, followed by fluorography. Changes in protein expression were measured by densitometer scanning of autoradiographs. Total cytoplasmic RNA was translated in a mRNA-dependent rabbit reticulocyte cell-free system (Amersham Corp.), and the total translation mixture was immunoprecipitated as described above.
SI endonuclease analysis. The protocol described by Svensson et al. (37) was followed with a few minor modifications. Usually 10 ,ug of cytoplasmic RNA (0.1 ,ug for the analysis of VA RNAs) was hybridized to the 5'-end-labeled DNA fragments described in the figure legends. Hybridizations were carried out overnight at 56°C for the hexon, E2, and E3 probes and at 50°C for the VA RNA, and VA RNA11 probes. Si endonuclease cleavage and electrophoretic separation were performed as previously described (37) .
RESULTS
Experimental design. We developed a simple cotransfection assay in 293 cells to study the effect of adenovirus VA RNAs on translation of mRNAs (Fig. 1) . Since an efficient viral transcription requires a functional ElA region, we used transfection into 293 cells (15) to ascertain a high level of viral mRNA expression. We have shown (C. Svensson and G. Akusjarvi, submitted for publication) that the 293 cell line, which constitutively expresses the ElA functions (1), stimulates specific adenovirus gene expression ca. 1,000-fold after transfection. Recombinant plasmids encoding adenovirus-specific transcription units were constructed. These plasmids were transfected (16) together with plasmids encoding the VA RNAs into monolayers of 293 cells (Fig. 1) Stimulation of early protein synthesis by VA RNA. To study the effect of VA RNAs on the translation of early viral mRNAs, we constructed recombinant plasmid pAL E2/E3 which includes the complete Ad2 E2A and E3 transcription units ( Fig. 2A) (Fig. 2C) (39) . The amount of E3 mRNA was not affected by cotransfection with plasmid pHindB (Fig. 2D ).
Since pAL E2/E3 encodes both the E2A and E3 transcription units ( Fig. 2A) , the effect of VA RNA on E2A expression was also analyzed. Figure 3A shows the result of an immunoprecipitation, using an antiserum directed against the E2A 72K DNA binding protein (22) The translational stimulation was not detected when the total cytoplasmic RNA isolated from cotransfected cell was translated in vitro in a mRNA-dependent rabbit reticulocyte lysate (cf. Fig. 3A and B) . The apparent difference in E2A 72K polypeptide synthesis in Fig. 3B is caused by a slight variation in the transfection efficiency. Based on these results, we conclude that the enhanced expression on both the E2A 72K DNA binding protein and the E3 19K glycoprotein is due to a translational stimulation mediated by VA RNA. In agreement with earlier reports (6, 38), we found that the translational regulation is not reproduced in an in vitro translation system, suggesting a complex interaction between VA RNA and the translational machinery of the cell. Due to the enormous efficiency of VA RNA transcription in transfected 293 cells (see below), we found that a very small amount of plasmid pHindB is required to obtain the maximal translational stimulation (Fig. 2B and 3A) .
Construction of plasmids encoding single VA RNA genes. To determine whether both VA RNA transcripts contribute to the observed stimulation in our cotransfection assay, we constructed two recombinant plasmids, pVAI and pVAII, which separately encode the two VA RNAs (Fig. 4A) . Clones pVAI (map coordinates, 28 to 29.6) and pVAII (map coordinates, 29.6 to 31.6) were constructed by converting the BalI cleavage sites present in plasmid pHindB to HindIll cleavage sites by the use of synthetic linkers. The two DNA fragments encoding the VA RNA genes were isolated and inserted into the unique HindIII cleavage site of plasmid pBR322 (Fig. 4A) .
Plasmids pVAI and pVAII gave rise to an efficient synthesis of VA RNA, and VA RNA,,, respectively, when transfected into 293 cells (Fig. 4B) (13, 21) . The Epstein-Barr virus genome also encodes small RNAs which are associated with the same cellular antigen (20) . These RNAs can, although very inefficiently, substitute for VA RNAs during adenovirus replication (9) . The La antigen does not seem to be necessary for VA RNA transcription, at least not in vitro (13) , but the association between VA RNAs and the La antigen may be of importance for the translational control mediated by VA RNA. Whether VA RNAs regulate protein synthesis by associating with ribosomes is at present unanswered. It should certainly be possible to test the hypothesis with the transfection assay described in the present communication.
We have previously shown that the two VA RNA genes, at the primary sequence level, are very closely related. Both RNAs are similar in length and can adopt secondary structures which resemble each other (2 (38) . Thus, at this time the function of VA RNA,, remains a puzzle.
